Abstract. The fibroblast growth factor receptor 3 (FGFR3) plays critical roles in driving oncogenesis of a subset of patients with urothelial carcinomas (UC). Growing evidence from preclinical studies suggests that FGFR3 inhibition can reduce proliferation and survival in vitro and in vivo models of FGFR3-altered UC. Early clinical trials investigating selective FGFR3 inhibitor have reported preliminary signs of antitumor activity in advanced UC patients with selected FGFR3 mutations or fusions. Currently, phase 3 trials with erdafitinib and rogaratinib are enrolling patients with known FGFR3 alterations. Future combinations with targeted therapies or immune checkpoint inhibitors may increase the efficacy of selective FGFR3 inhibitors. Herein, we discuss current clinical development of FGFR3 inhibitors as well as unsolved questions with regards to patient selection, management of toxicities and mechanisms of resistance to selective FGFR3 inhibitors.
INTRODUCTION
Metastatic urothelial carcinoma (UC) is frequent and has a poor prognosis. The clinical management of advanced UC has improved over the last decade mainly owing to novel immunotherapies targeting immune checkpoint receptors. However, anti-programmed cell death 1 (PD1) and antiprogrammed death-ligand 1 (PDL1) monoclonal antibodies yield a tumor response in only one-fifth of * Correspondence to: Yohann Loriot the treated patients [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Innovative strategies aiming to improve metastatic UC treatment efficacy have learned from targeted therapies in solid tumors such as lung and breast cancers. Given the need for alternative treatments in advanced UC, there is a growing interest in targeting oncogenic pathways in UC. Over the last few years, genome sequencing techniques have led to a better understanding of the molecular biology of UC. Recently, the Cancer Genome Atlas (TCGA) project has elucidated the high degree of heterogeneity underlying cancer cell development [12, 13] and has led to the classification of muscle-invasive bladder cancer (MIBC) into molecular subtypes. These subtypes exhibit distinct sensitivity to therapies ISSN 2352-3727/19/$35.00 © 2019 -IOS Press and the authors. All rights reserved owing to their distinct genomic and transcriptomic features. DNA and epigenetic alterations have been identified in up to 60% of bladder cancers. Importantly, potential targetable alterations involving the fibroblast growth factor receptor 3 (FGFR3) have been found in up to 20% of MIBC making these molecular aberrations highly attractive for pharmacological inhibition. Genomic alterations of FGFR3 are among the best described oncogenic pathway in UC [14] and have led to extensive and ongoing investigations of FGFR3-targeted therapies in this disease.
In this review, we highlight the diverse oncogenic FGFR3 signaling mechanisms in UC, current clinical development of FGFR3 inhibitors and finally perspective and challenges of anti-FGFR3 therapy in UC.
MATERIAL AND METHODS
A review of the literature has been conducted in February 2018 using the pubmed Medline database, Cochrane database, ascopubs.org, esmo.org, clinicaltrials.org databases and scholar.google.com following PRISMA (Preferred Reporting Items for Systemic Reviews and Meta-analysis) guidelines. We searched for clinical trials articles with the following keywords: "Receptors, Fibroblast Growth Factor", "Urinary Bladder Neoplasms", "Carcinoma, Transitional Cell" in pubmed database; "Fibroblast Growth Factor" and "urothelial carcinoma" or "Fibroblast Growth Factor" and "bladder cancer" in Cochrane database; "fibroblast growth factor receptor inhibitor" in ascopubs.org; "fibroblast growth factor receptor inhibitor" in esmo.org database; and "fibroblast growth factor receptor 3" AND "bladder cancer", "fibroblast growth factor receptor 3" AND "urothelial carcinoma", "fibroblast growth factor receptor 3" AND "urothelial cancer" in scholar.google.com (Supplementary Figure 1) . Search results were restricted to English language only. Studies were selected based on title and abstract reading by two authors (TI, YL). Then, for relevant abstracts, the full text was reviewed; discrepancies were resolved via consensus after discussion between the authors. Duplicates, clinical studies which did not include clinical outcome measures were excluded. The search was complemented by additional sources, mainly the reference lists of evaluated studies and meeting abstracts. From clinical.gov database, the search was performed using the following terms: "Cancer" and "Fibroblast Growth Factor", "carcinoma" and "Fibroblast Growth Factor Receptor". A total of 117 trials were identified. Eighty-one studies were excluded due to other types of cancer or the absence of FGFR3 inhibitors. A total of 36 trials were selected.
THE FGFR3 PATHWAY AND FGFR3 ALTERATIONS
The FGFR family contains four highly conserved transmembrane tyrosine kinase receptors (FGFR1-4) with 22 identified ligands to date [15, 16] . Each ligand needs to interact with extracellular matrix proteins to bind to its receptor, mainly with the heparan sulphate proteoglycans (HSPG) [15] [16] [17] . The dimerization of FGFR leads to the phosphorylation of the intracellular tyrosine kinase domains which results in the activation of a cascade of downstream events including the mitogen-activated protein kinase (MAPK), the signal transducer and activator of transcription (STAT), the phosphoinositide-3-kinase (PI3K)/Akt, the nuclear factor-kappa B, and the PLC-gamma DAG/PKC/IP3-Ca 2+ pathways resulting in DNA transcription (Fig. 1) . These pathways have critical roles in cell proliferation, metabolism and survival [18, 19] .
FGFRs are present in many types of normal and tumor cells and have been shown to play an important role in tumor cell growth, survival, and migration as well as in maintaining tumor angiogenesis. FGFR activating mutation, gene amplification, and translocation have been associated with neoplastic progression and tumor vascularization in multiple cancer types, including breast, lung, prostate, endometrial, gastric, and UC [20] .
FGFR3 gene is located on the short arm of the chromosome 4 (location p16.3) and contains 19 exons and 18 introns spanning 16.5 kb (Fig. 2) . In an analysis of 4,853 tumors by next-generation sequencing (NGS), aberrant FGFR3 have been identified in 22% of UC, 4% of glioma, 3% of carcinoma of unknown primary and endometrial carcinoma, 2% of pancreatic, ovarian, and gastric carcinoma [21] . In addition, nearly 5% of glioblastomas harbour the FGFR3-TACC3 rearrangement which is mutually exclusive with MET and EGFR alterations. FGFR3 overexpression may be detected by immunohistochemistry (IHC) while fusions and mutations could be detected by in situ hybridization methods (fluorescence FISH or chromogenic-CISH) as well as quantitative real- time PCR, targeted sequencing, and NGS [22, 23] . However, these techniques may be limited by intratumor heterogeneity and results may vary according to the segment and the type of tissue obtained at biopsy [23] . Detecting genomic alterations in circulating tumor DNA (ctDNA) may be an alternative solution to overcome this barrier [23] .
DYSREGULATION OF FGFR SIGNALING IN UC
Aberrant FGFR3 alterations have been described in 15-20% and up to 60% of MIBC and non-muscle invasive bladder cancer (NMIBC), respectively [13, 24] . Mutations represent nearly 70% of the alterations, rearrangements 20%, and overexpression 10% ( Fig. 2 & 3) . The most common mutations involve exon 7 and 10 and are: S249C (60%), Y375C (20%), R248C (10%), and G372C (5%) mutations. As a result, FGFR3 becomes constitutively activated, even in the absence of its ligands, through ligand-independent dimerization [25, 26] . Mutations in the extracellular or transmembrane domains stabilize receptor dimerization through generation of novel disulphide or hydrogen bonds, thus promoting constitutive activity. Activating mutations within the kinase domain stimulate ligand-independent function, although they are relatively rare. In the context of fusion aberrations, several partners have been described including the transforming acid coiledcoil 3 (TACC3), the TNFAIP3 Interacting Protein 2 (TNIP2), and the BAI1-associated protein 2-like 1(BAIAP2L1) leading to constitutively active fusion proteins [27] (Fig. 2) . The FGFR3-TACC3 and FGFR3-BAIAP2L1 fusion products exhibit constitutive FGFR3 kinase activity and promote cell proliferation and transformation while constitutive dimerization of FGFR3-BAIAP2L1 mediated by a protein -protein interaction domain in BAIAP2L1 is required for ligand-independent activity.
Finally, the molecular mechanisms driving protein overexpression in the presence of a wild-type FGFR3 gene are still under investigation. Some studies showed that FGFR3 overexpression could be the result of gene amplification [28] or regulation by microRNAs mainly miRNA-99a and miRNA-100 [12] . Recently, human tumors with FGFR3-TACC3 fusions were shown to cluster within transcriptional subgroups that are characterized by the activation of mitochondrial function that initiate the chain of metabolic responses that drive mitochondrial metabolism [29] .
CLINICAL FEATURES ASSOCIATED WITH FGFR3 GENE ALTERATION
The prognostic value of FGFR3 alterations in UC is still unclear, as some studies have shown no association between FGFR3 gene alterations and tumor recurrence or patient survival [30, 31] , while others retrospective studies showed that FGFR3 mutations are associated with lower risk of progression [32] . In very early disease, the frequency of FGFR3 mutations is highest [24] . In stage Ta tumors, several studies indicate that those with mutations appear at lower risk of recurrence and progression [30, 31] . Similarly, in stage T1 tumors, favorable outcome is associated with the presence of mutations [32] . In MIBC, the mutational landscape of FGFR3 altered UC is different and the presence of FGFR3 mutations was found to be associated with a higher frequency of CDKN2A deletion than in NMIBC [13, 33] . FGFR3-mutated NMIBC but not wild-type tumors, hemizygous or homozygous deletion of CDKN2A was a predictor of disease progression that was independent of tumor grade and stage. MIBC with FGFR3 mutation and CDKN2A deletion represent tumors that have progressed from NMIBC. To date, it is still not clear whether such patients have distinct disease outcome. Longitudinal genomic studies will be helpful to decipher molecular disease history of FGFR3 altered UC. These data suggest that the effects of FGFR activation, and thus response to FGFR3 inhibitors, may be highly context dependent.
In the context of metastatic disease, FGFR3 gene alterations are not associated with progression-free survival or overall survival after first-line chemotherapy [34] .
Importantly, FGFR3 altered UC may exhibit different immune landscape. TCGA has identified multiple transcriptomic subtypes in MIBC, and thus provide potential insights into response to existing chemotherapies and novel targeted agents [13] . These data show that elevated expression of FGFR3 and the presence of FGFR3 mutations, amplification, and FGFR3-TACC3 fusions are enriched in the subtype of MIBC referred to as papillary-like/Cluster I. Multiple reports showed that Cluster 1 subtype is characterized by a low immune infiltration referred as to immune desert. In this context, several small retrospectives analyses suggest that papillary-like cluster I subtype is more resistant to immune checkpoint inhibitors (ICI) and warrant prospective validation [35, 36] while another study suggested that FGFR3 alterations did not preclude response to nivolumab [37] .
Clinical activity of FGFR3 inhibitors
The high frequency of FGFR3 alterations observed in UC has led to the interest of exploring this pathway as a potential therapeutic target. A number of preclinical studies involving bladder cancer cell lines and xenograft models illustrated the antitumor activity of drugs inhibiting FGFR mediated signaling pathways [38] [39] [40] [41] . In view of the preclinical evidence indicating oncogenic addiction in FGFR dysregulated xenografts, clinical development of FGFR inhibitors focus now on FGFR aberrant tumors after early drug development trials reported encouraging results, mainly in patients with UC harboring genomic alterations. FGFR targeting is investigated using different strategies such as selective and non-selective tyrosine kinase inhibitors, monoclonal antibodies and antibody drug conjugates (Table 1) .
Monoclonal antibody
B701 is a human immunoglobulin G1 monoclonal antibody directed against FGFR3, with potential antineoplastic activity. Upon intravenous administration, the anti-FGFR3 monoclonal antibody B-701 specifically binds to and inhibits both wild-type and mutated forms of FGFR3. This may result in the inhibition of FGFR3 phosphorylation, thereby preventing its activation and FGFR3-mediated signal transduction pathways. This results in the inhibition of cell proliferation and the induction of cell death in FGFR3-expressing tumor cells in multiple preclinical models. B-701 was investigated in combination with docetaxel in subjects with advanced or metastatic UC (NCT02401542). Preliminary results of the phase 1 show that B-701 combined with docetaxel is safe and effective in some patients who failed platinum-based chemotherapy in UC [42]. Some activity was seen in the FGFR3 Mutation/Fusion patients compared to wild-type patients. A Phase 2 expansion is currently enrolling FGFR3 M/F patients (B-701 monotherapy vs. combination B-701 + D). MFGR1877S (R3Mab), is a FGFR3-specific human monoclonal antibody which shows excellent activity in preclinical UC models. Upon administration, the anti-FGFR3 antibody MFGR1877S binds to and inhibits FGFR3, which may result in the inhibition of both FGFR3 phosphorylation and FGFR3-mediated signal transduction pathways. Long-term stable disease was reported in five of ten MIBC patients in a phase 1 study [43] .
Antibody drug conjugate
LY3076226 is an antibody-drug conjugate, comprised of anti-FGFR-3 antibody conjugated to a microtubule inhibitor, DM4, for the treatment of advanced or metastatic cancer. A phase I clinical trial (NCT02529553) is investigating LY3076226 in advanced or metastatic cancer (including multiple myeloma and lymphoma), locally advanced, unresectable, or metastatic urothelial carcinoma with overexpression or alterations in FGFR3.
Non-selective FGFR tyrosine kinase inhibitors
Tyrosine kinase inhibitors (TKIs) inhibit the kinase activity of the receptors by preventing binding of ATP. Initial development focused on nonselective TKIs that had most potent activity against PDGF and VEGF receptors but also were shown to have some level of activity against other related receptors including FGFRs. These TKIs include dovitinib, ponatinib, pazopanib, nintedanib, lucitanib, brivanib and lenvatinib, which tend to have higher activity against FGFR1 than FGFR3. These nonselective FGFR TKIs are compounds that bind to the relatively conserved ATP-binding domain in receptor tyrosine kinases and lack kinase selectivity. Overall, multitargeted TKIs have not shown significant efficacy in UC. The main issues with non-selective FGFR TKIs are the lack of specificity against FGFR3 and their toxicities.
Dovitinib was investigated in a phase 2 trial in patients with progressive FGFR3-mutated or FGFR3 wild-type advanced UC [44] . Forty-four patients with advanced UC who had progressed after one to three platinum-based and/or combination chemotherapy regimens were given dovitinib at a fixed dose of 500 mg once daily on a 5-days-on/2-days-off schedule. Dovitinib was well tolerated, but had very limited single-agent activity in previously-treated patients with advanced UC, regardless of FGFR3 mutation status (3% in FGFR3 WT and 0% in FGFR3 mut). Brivanib, a VEGFR2 and FGFR1 inhibitor similarly showed disappointing results in patients with advanced UC. A Phase 2 trial of pazopanib as single agent in highly pretreated patients with advanced UC reported partial response in seven patients and stable disease in 14 out of 41 patients [45] . FGFR3 S249C mutation was found in a resistant patient and no FGFR-related alterations in the two responders, suggesting that response was related to other targets of this agent [46] . A recent clinical report described a durable (>6 months) response to pazopanib in a patient whose tumor contained amplified FGF19 and a point mutation in FGFR3 (S249C) [47] .
Selective FGFR tyrosine kinase inhibitors
More encouraging data have been reported with selective FGFR tyrosine kinase inhibitors. These agents include erdafitinib (JNJ 42756493), infigratinib (BGJ398), Rogaritinib (BAY 1163877), AZD4547, Pemigatinib (INCB54828), TAS-120, LY2874455, DEBIO 1347, PD173074 and BLU9931.
Erdafitinib
Erdafinitib is a pan-FGFR tyrosine kinase inhibitor with IC-50 values in the low nanomolar range for all members of the FGFR family. It has demonstrated potent inhibition of cell proliferation with IC50 values ranging from 1 to 1000 nM in the FGFR pathway-activated cancer cell lines. Also, erdafitinib has been shown to have in vivo antitumor activity in several murine models of FGFR-driven bladder cancer models [38] . A phase 1 trial has assessed different doses and regimens of erdafitinib from 0.5 mg to 12 mg daily or 10 mg or 12 mg administered intermittently (1 week on/1 week off) [48] . Sixty-five patients across different advanced solid tumors with or without FGFR1-4 alterations (amplification, translocations and mutations) were treated in the dose escalation phase, 23 patients had FGFR genetic aberration. Importantly, maximum-tolerated dose was not defined. Nine milligrams daily was considered as the initial RP2D; however, tolerability was improved with intermittent schedules, and 10 mg administered on a 7-days-on/7-days-off schedule was considered the final RP2D. No response was seen in patients with unknown or no FGFR aberration. Among 23 response-evaluable patients with tumor FGFR pathway alterations, four confirmed responses and one unconfirmed partial response were observed in patients with glioblastoma, UC and endometrial cancer (all with FGFR2 or FGFR3 translocations); 16 patients had stable disease. For all subjects with UC, overall response rate across dose levels was 40%. At the 9 mg dose level, ORR was 55% for responseevaluable subjects with UC who harbored selected FGFR aberrations [49] . The most common adverse events were hyperphosphatemia, dry mouth, asthenia, stomatitis and decrease appetite.
In a global phase 2 study BLC2001 (NCT02 365597), patients with mUC and specific FGFR2/ FGFR3 mutations or translocations were randomized 1:1 to 28-day cycles of oral 6 mg/d continuous dosing or 10 mg/day intermittent 7 days on/7 days off dosing. Both regimens have shown promising efficacy and tolerability [50] . Based on these results and erdafitinib pharmacometric modeling, dosing was optimized at 8 mg/day continuously and further uptitrated to 9 mg/day if no significant treatment-related adverse events were observed during the first cycle. In the latter cohort, 99 patients were enrolled and treated with 8 mg daily for 28 days, with escalation to 9 mg allowed in the absence of significant adverse events [51] . All patients had metastatic or surgically unresectable UC with FGFR3 mutation or FGFR2 or FGFR3 fusion. Prior treatment with chemotherapy and/or immune checkpoint inhibitors was allowed. Treatment-related adverse events were manageable, with 10 percent of patients discontinuing treatment due to symptoms. There were no treatment-related deaths and no Grade 4 events. The most common adverse events were Grade 1 and 2, including hyperphosphatemia (72 patients, Grade ≥ 3 in 2 patients), stomatitis (54 patients, Grade ≥ 3 in 9 patients), and diarrhea (37 patients, Grade ≥ 3 in 4 patients). Treatment with erdafitinib met its primary objective with a 40% overall response rate, including complete response, in three percent of patients and partial response, or tumor shrinkage, in 37 percent. An additional 39% of patients had stable disease without progression. Preliminary data from the trial indicate a median overall survival of 13.8 months. Based on the Phase 2 study, the U.S. Food and Drug Administration granted a breakthrough therapy designation to erdafitinib in 2018.
Infigratinib
Infigratinib (BGJ398), is an orally bio-available, selective and ATP competitive pan-FGFR TKI. At the cellular level, infigratinib selectively inhibits the kinase activity of FGFR1, FGFR2, FGFR3 and FGFR4 with IC50 values of 2-8 nM for FGFR1-3. Consistent with inhibition of FGFR autophosphorylation, infigratinib inhibits FGFR downstream signalling and proliferation of human cancer cell lines harbouring genetic alterations of the FGFRs including lung, breast, gastric and urothelial cancers. In mice, infigratinib showed a significant, dose-dependent anti-tumor activity against RT112 xenografts tumors [40] .
A phase 1 study investigated infigratinib in patients with solid tumors carrying FGFR genetic alterations (mutation or fusion) [52] . Ninety-four patients received infigratinib once or twice daily in 28-day cycles in escalating cohorts. Maximal tolerated dose was 125 mg qd 3 weeks on and 1 week off. In terms of efficacy, four out of five patients with FGFR3 mutated UC had tumor regression. Antitumor activity observed in this phase 1 trial (NCT01004224) led to initiation of an extended cohort of geneticallyselected patients to further characterize infigratinib activity in UC. In this extended cohort, genetically selected and previously platinum-treated UC patients were treated with infigratinib administered orally at 125 mg/day on a 3 weeks on, 1 week off schedule until unacceptable toxicity or progression [53] . Among 67 patients treated, an overall response rate of 25.4% was observed and an additional 38.8% of patients had disease stabilization, translating to a disease control rate of 64.2%. The most common toxicities were those expected with the pharmacodynamic inhibition of FGFR, e.g, hyperphosphatemia and decreased appetite.
Rogaratinib
Rogaratinib (BAY 1163877) is an oral inhibitor of all FGFR subtypes with low nanomolar binding pan-FGFR kinase inhibitor [54] . Rogaratinib has been assessed in a phase 1 trial in which patients with advanced UC were selected based on high FGFR1-3 mRNA expression in biopsy specimens [55] . The test used in this study was based on RNAscope technology which is an in situ hybridization (ISH) assay for detection of FGFR1-3 RNA within intact cells. This test enables simultaneous signal amplification and background noise suppression and is compatible with routine formalin-fixed, paraffin-embedded tissue specimens. Patients were treated with rogaratinib 800 mg twice daily until tumor progression, untolerable toxicity or withdrawal. Of 219 prescreened patients, 45% were found to be FGFR positive. Of those, 87% of samples were positive for FGFR3 mRNA, 5% for FGFR1 mRNA and 8% were double FGFR mRNA-positive (FGFR1/2, 1/3 or 2/3). Frequency of FGFR3 activating mutations was only 7%, all of which also had high FGFR3 mRNA. Among the 51 patients evaluable for response, ORR was 24% and disease control rate was 73%.
AZD4547
AZD4547 is a potent and selective inhibitor if FGFR1,2 and 3 receptor tyrosine kinases (IC50 < 5nM). AZD4547 was shown to inhibit proliferation in a dose-dependent manner in cancer cell lines known to overexpress FGFRs [56] . Oral treatment of mice bearing FGFR-amplified cancer cell lines resulted on dose-dependent tumor growth inhibition. The preliminary results of two phase I studies (NCT00979134 and NCT01213160) assessing the safety and tolerability of AZD4547 in advanced solid tumors have been reported [57] . In the first study which has been performed in a western population, one bladder cancer patient harboring FGFR-amplification had SD [58] . The specificity of AZD4547 is the activity in tumor selected for FGFR1 and FGFR2 amplification. However, neither FGFR1 amplification nor FGFR2 amplification are common in UC. AZD4547 is currently investigated in association with durvalumab in BISCAY (NCT02546661) study for chemo-treated metastatic patients with tumors that have FGFR3 mutations or fusions.
Pemigatinib
Pemigatinib (INCB054828) is a potent inhibitor of the kinase activity of FGFR1, FGFR2 and FGFR3 and has been shown to inhibit growth in several tumor models. In a phase 1/2 study, patients with refractory advanced solid tumors received pemigatinib qd, 2 weeks on/ 1 week off [59] . Recommended phase 2 dose was 13.5 mg qd and was well-tolerated. As for other specific FGFR inhibitors, hyperphosphatemia was the most common adverse event and preliminary efficacy in patients with FGFR aberration was observed. Fight-01 is an open-label phase 2 trial investigating pemigatinib in UC [60] . Preliminary results indicate that pemigatinib is well-tolerated and showed activity in previously-treated UC patients. Overall response rate including unconfirmed partial responses was 25% among 64 patients with FGFR3 mutations/fusions. Only one patient achieved partial response among 40 patients with other FGFR/FGFR gene alterations (e.g, FGFR10 amplification, FGFR1 amplification).
FURTHER DEVELOPMENT OF FGFR TARGETED THERAPIES IN UC

Demonstrating the efficacy in metastatic setting
Proof-of-concept of aforementioned phase 1/2 studies demonstrated that pan-FGFR inhibitors are active as single agents in patients with metastatic UC with selected FGFR mutations and translocations and have opened a promising therapeutic avenue in UC. Two phase 3 trials are now ongoing to demonstrate superiority of single agent pan-FGFR inhibitor over standard of care options in refractory subjects with selected FGFR3 gene aberrations. Erdafitinib, the most active FGFR inhibitor based on the data from the phase 1 and phase 2 studies is currently investigated in THOR study. THOR (NCT03390504) is a randomized open-label multicenter, global phase 3 study of erdafitinib versus standard of care in patients with advanced UC and selected FGFR aberrations who have progressed on or after one prior line of therapy. The primary objective of THOR is to evaluate efficacy of erdafitinib versus chemotherapy or pembrolizumab in patients with advanced UC harboring selected FGFR aberrations (mutations or fusions) The primary endpoint is overall survival and will be evaluated in two cohorts: (i) erdafitinib versus chemotherapy (docetaxel or vinflunine) in patients who have received prior anti-PD(L)1 agent (ii) erdafitinib versus pembrolizumab in patients who have not received prior anti-PD(L)1 agent. Secondary endpoints include progression-free survival, response rate, quality of life and safety profile. Exploratory objectives will evaluate DNA, RNA and protein biomarkers in tissue and blood samples to predict tumor response or resistance. The two cohorts will be assessed independently and 631 patients are needed.
FORT-1 study (NCT03410693) is a randomized open-label, multicenter phase 2/3 study to evaluate the efficacy and safety of rogaratinib compared to chemotherapy in patients with FGFR positive advanced UC who have received prior platinum con-taining chemotherapy. The primary endpoint will be overall survival and usual secondary endpoints (PFS, response rate, safety) will be assessed. Overall, 400 patients will be enrolled into the arms: rogaratinib or chemotherapy arm. In this study, molecular tests encompass mutations, fusions but also FGFR1 or FGFR3 overexpression using an RNA in situ hybridization (RNA-ISH) test as described above. Given these criteria, approximately, 40% of UC patients with advanced UC may be identified as FGFR-positive.
Investigating the activity in early stage of UC
The clinical course of UC is dominated by frequent recurrence and/or progression of NMIBC to MIBC. Most new UC cases are non-muscle invasive at diagnosis. Therefore, there is a need to explore the clinical efficacy of novel therapies in non-metastatic UC including NMIBC. As described above, FGFR3 has been involved as a critical driver of NMIBC carcinogenesis. FGFR3 mutations and/or overexpression have been found in up to 70% of low-grade NMIBC. These mutations result in clinical phenotype dominated by frequent NMIBC recurrences with infrequent progression to MIBC. But, in the context of CDKN2A deletions, FGFR3 mutations drive the progression to MIBC. Dovitinib was investigated in BCG-refractory NMIBC patients harboring FGFR3 gene alterations. A multicenter phase 2 trial was conducted to assess the 6-month TURBT-confirmed complete response in 13 BCG-unresponsive NMIBC patients with increased phosphorylated FGFR3 expression analyzed by immunohistochemistry or FGFR3 mutations [61] . The primary endpoint was not met. The 6-month CR rate was only 8% but 33% in patients (1 out of 3) with FGFR3 mutations. However, long-term dovitinib administration was not feasible due to frequent toxicity as all patients developed grade 3/4 events. These data suggest that one key issue in this setting is to develop tolerable regimen in these asymptomatic and curable patients.
Non-metastatic MIBC is another area of intensive investigation of FGFR inhibitors. Several trials are investigating FGFR inhibitors in adjuvant setting. An open-label phase 2 study will assess the safety and efficacy of adjuvant INCB054828 in patients with pT3-4 and/or pN1-N3 UC harboring FGFR3 mutations/fusions. The most attractive setting remains neo-adjuvant setting by collecting pre and post tumor samples for pharmacodynamic analysis of FGFR inhibition. Furthermore, bladder sparing strategies may be investigated if pilot studies in neo-adjuvant studies would be able to demonstrate high complete and durable response rate in MIBC.
Combining FGFR inhibitors
Not all patients with FGFR3 aberration respond to FGFR inhibition which raises the question of which strategy may be envisioned to improve the proportion of patients benefiting from FGFR inhibitors. The rationale of various combinations may be investigated based on the off-target mechanisms of resistance discussed below, e.g PI3K and FGFR3 inhibitors; EGFR and FGFR3 inhibitors.
Emerging data from retrospective analyses indicate that patients with FGFR3-altered UC have poorer response to immune checkpoint inhibitors (ICI). The response to ICI is largely dependent, among others, on pre-existing CD8 T cell infiltration. TCGA study showed that UC can be classified via gene expression signature into several subtypes. Luminal 1, papillarylike UC, are characterized by immune desert lacking immune cell infiltrate [13, 62] . Luminal 1 tumors are also enriched for FGFR3 mutations and gene fusions. Taken together, these data suggest that luminal 1 UC have evidence of FGFR3 aberrations and also exhibit a cold immune microenvironment, explaining the lower response of this subtype to ICI. Recent data from BLC2001 study show that across all treatment regimens, 33 patients had received PD(L)1 inhibitors prior to BLC2001 enrollment [35] . Only two out of 33 (6%) patients had responded to prior ICI. In the phase 1 study investigating rogaratinib, 10 patients with FGFR3 overexpression had prior ICI treatment. Of those, 9 patients (90%) experienced progressive disease as best response to ICI and one patient achieved stable disease for 9 months. All 10 patients expressed low PDL1 mRNA levels [36] . However, in another retrospective study, FGFR3 alterations did not preclude response to nivolumab and were not associated with decrease of CD8 T cell infiltration [37] . These results stress the need of prospective data to properly address the question. One strategy aims to switch cold tumor into hot tumor by inhibiting molecular oncogene. Several data from lung cancer and melanomas suggest that oncogene-addicted tumors exhibit poor T-cell infiltration [63] . Inhibiting these oncogenes may induce immune cell infiltration. Based on this rationale, several phase 1 studies are currently investigating the combination of FGFR3 inhibitors and ICI (NCT03473743, NCT03123055, NCT03473756).
CLINICAL CHALLENGES WITH FGFR INHIBITORS
Dosing regimens
Optimal dosing regimen remains critical for targeted agents. Three criteria should be taken into account for determining the best dosing regimen: optimal pharmacodynamic effect, optimal doseintensity and clonal competitive release. Current paradigms indicate that some level of competition between genetically distinct tumor clones exist and therefore should be exploited for therapeutic purposes. An alternative strategy to high dose (meaning at near-maximum tolerated dose) regimens implies the administration of reduced dose of therapy on a continuous schedule. This type of regimen facilitates better dose-intensity and better control of tumor growth than full-dose therapy while intermittent dose with drug holidays may fail to control tumor growth for a long time in preclinical models. The underlying hypothesis is that elimination of a dominant drugsensitive clone might allow the competitive release of resistant subclones to undergo accelerated growth resulting in rapid disease progression. BLC2001 results support this hypothesis in intermittent dosing as response rate was better in the 6 mg continuous dosing vs 10 mg intermittent dosing [50] . Ideally, the optimal dose of targeted therapies should be determinated on pharmacodynamics data. On-target toxicities from pan-FGFR inhibitors include hyperphosphatemia as well as skin and eye dryness. As a result, hyperphosphatemia should be observed in case of optimal FGFR inhibition. In BLC2001, hyperphosphatemia was more frequent in the continuous dosing (62% and 69% at 6 mg and 8 mg continuous dose versus 46% in the intermittent dose regimen). Based on the PK/PD data modeling, hyperphosphatemia was associated with better outcome in BLC2001. As a result, the dose was increased further to 8 mg continuous daily dosing with up-titration to 9 mg continuous daily in those whose serum phosphate levels remained normal (<5.5 mg/dl). The latter dosing regimen results in improved clinical activity with 40% of patients achieving response versus 24% in the intermittent dosing regimen and 35% in the 6 mg continuous regimen. Infigratinib is given at 125 mg daily using an intermittent schedule (3-weeks-on/1-week-off schedule). Rogaritinib is given at 800 mg continuously but only 45% of patients experience any grade hyperphosphatemia. For both infigratinib and rogaritinib, response rate is around 25%. These data suggest that dosing regimen of FGFR inhibitor may be critical for optimal antitumor activity.
Patient selection
Patient selection is one of the key issues in the field of targeted therapies. Distinct alterations in FGFR3 may sensitize to FGFR inhibitors differently. The majority of clinical trials select patients on the presence of FGFR3 mutations or translocations. But, as discussed above, FORT-1 allowed patients with FGFR3 overexpression as assessed by ISH to be eligible. To date, there is no data indicating whether FGFR3 overexpression may add useful information for selecting the best target population for FGFR3 inhibitor. In the phase 1 study of rogaratinib, 50% of patients were found to be FGFR1-3 positive on archival biopsies. Of those, nearly 94% were positive for FGFR3 mRNA. Among patients with FGFR overexpression, 17% harbor FGFR3 mutation suggesting that testing for FGFR3 expression may broaden the target population. Seven out of eleven patients with a complete or partial response showed FGFR3 mRNA overexpression without FGFR3 gene mutation. However, only 8% of all screened patients had FGFR3 activating mutations suggesting that molecular testing for FGFR3 mutations was less sensitive than that of used in BLC2001 or BGJ398 study. FGFR3 or its ligands (e.g, FGF3, FGF4) amplifications are not molecular criteria for enrolling patients in clinical trial with FGFR3 inhibitors. However, robust data are needed to address UC addiction to amplification of FGFR members. Fight-01 study with pemigatinib includes one cohort dedicated to molecular aberrations beyond FGFR3 mutations and fusions. The data may be reported early 2019.
In terms of DNA genetic alterations, not all FGFR3 aberrations confer sensitivity to FGFR3 inhibitors. The K650E mutation located in the kinase domain is a FGFR3-activating mutation that leads to destabilization of the inactive conformation of the kinase domain and stabilization of the active conformation of the activation loop of the kinase domain of the receptor. However, this mutation should not be associated with sensitivity to most FGFR3 inhibitors currently investigated. Even though this residue is not in direct contact with infigratinib, this mutation destabilizes the inactive conformation to which infigratinib binds and may explain the lower activity of infigratinib against K650E-mutant FGFR3. A thorough analysis of activity of FGFR inhibitors according to genetic alterations is needed to move forward to better selection of patients eligible to anti-FGFR therapy. This issue raises the question as to which molecular testing should be used. Selection of patient eligible to erdafitinib refers to PCR-based strategy while others study with pemigatinib or infigratinib use NGS to select the patients. All these tests required recent archival tumor samples and tumor biopsy material is often limited. Increasing evidence is emerging to support screening for FGFR aberrations in circulating tumor DNA extracted from plasma or urine [53] . This issue is critical to conduct clinical trials in nonmetastatic setting whereby turn-around for molecular screening should be fast enough to start off therapy as soon as possible.
Management of toxicities
Non-selective inhibitors, such as dovitinib or pazopanib, are not well tolerated with serious adverse events occurring in one-fourth of the patients and grade ≥ 3 toxicity rates between 60 and 100% [44] . These adverse events are related in part to the inhibition of angiogenesis and include hypertension, cardiovascular events, and proteinuria [64] . Other commonly reported toxicities are shared with other TKIs, including vomiting, diarrhea and skin reactions [64] . Selective inhibitors have much more acceptable safety profiles with nearly 10% of the patients discontinuing the drug owing to serious adverse events, and grade ≥ 3 toxicity rates between 10 and 15% [48] . As discussed above, the main toxicities are hyperphosphatemia which could be easily managed by phosphate binders. Other toxicities include skin and eye dryness, keratopathy and retinal pigment epithelial detachment which are rare and reversible. Obviously, clinical experience with these drugs remains still limited and long-term consequences of FGFR inhibition have to be properly investigated.
Primary and acquired resistance
As seen in most cancer therapies, resistance to FGFR inhibitors is ineluctable. Patients with initial response to FGFR inhibitors ultimately relapse on therapy, generally within 12 to 18 months. Analysis of post-progression biopsy specimens remains extremely rare in the context of FGFR inhibitors. Therefore, mechanisms of resistance to FGFR inhibitors are largely unknown. Theoretically, mechanisms of resistance to TKIs should be heterogeneous and encompass on-target genetic alterations (e.g, FGFR resistance mutations, FGFR gene amplification) and off-target mechanisms of resistance (e.g, upregulation of by-pass signaling pathways). Exploratory studies are ongoing to figure out the mechanisms of both primary and acquired resistance. On-target mechanisms of resistance could result from mutations in the ATP binding site of the receptor tyrosine kinase which confer resistance to inhibitors as seen in lung cancer. Recurrent point mutations in the FGFR2 kinase domain were found in patients with FGFR2-fusion positive cholangiocarcinoma developing acquired resistance to infigratinib [65] . All these mutations (p549H, p549K, pV564F, pE565A, pL617V, pK659M, pK641R) compromise inhibition by infigratinib. Especially, p.V564F gatekeeper mutation confers resistance by inducing a steric clash with infigratinib in its FGFR2 binding pocket. The other mutation destabilizes the inactive conformation of the kinase. As FGFR2 and FGFR3 share nearly 90% amino acid homology in their kinase domains, all six corresponding residues in FGFR3 would be expected to play a similar role in resistance to at least infigratinib in UC. In preclinical model, exposure TEL-FGFR3-expressing BaF3 cells to various dose of infigratinib resulted in resistant colonies harboring distinct FGFR3 mutations. All these mutations (pN540K, pV555L, pV555M, pL608V and pK650E mutations) result in amino acids changes that corresponded to those seen in FGFR2 in patients with cholangiocarcinoma. However, such mutations seem to be very rare in UC. In the infigratinib study in UC, samples from 22 patients who progressed while on treatment were analyzed for novel resistance mutations [53] . Recurrent mutations were not detected. FGFR3 gatekeeper mutations (V443L, V443M and L496V) were detected in the cell free DNA of only 4 patients during treatment. Taken together, these preliminary data stress the need of systematic analyses of cfDNA and tissue samples collected at time of acquired resistance in ongoing prospective studies of FGFR inhibitors.
Another issue consists in the intra-tumor heterogeneity which is a common hurdle to precisionmedicine in solid tumors, especially for patient selection. Differential activation of FGFR transduction pathway and co-occuring oncogenic events are likely to be critical in determining whether or not FGFR3 positive UC depend on FGFR3 pathways for survival. Recent reports in other oncogene-addicted tumors suggest that clonal event and early truncal events are critical in terms of therapeutic targeting potential. In UC, the importance of clonality in response to FGFR3 mutations and fusions has to be investigated. As of result, off-target mechanisms of resistance may be predominant in UC developing acquired resistance to FGFR inhibitors [66, 67] . By performing a synthetic lethality screen for AZD4547 using a short hairpin RNA library targeting the human kinome in FGFR3-TACC3 fusion positive RT112 cell line, multiple members of the phosphoinositide 3-kinase pathway have been associated with resistance to FGFR inhibition [66] . Inhibition of PI3KCA enhances the efficacy of FGFR inhibitors. These data suggest that resistance pathway to FGFR inhibitors often converge on the PI3K pathway and thus provide a rationale to treat FGFR3-altered UC with a combination of FGFR and PI3K inhibitors. In other study using similar strategy with RNA interference genetic screens, EGFR receptor has been shown to limit sensitivity to FGFR inhibition in FGFR3-mutant and FGFR3-translocated cell lines. Combination of FGFR and EGFR inhibitors overcome the resistance mechanisms in vitro and in vivo [67] .
CONCLUSION
Early clinical data from phase 1 and 2 studies demonstrate that targeting FGFR3 aberrations is a promising strategy to improve the outcome of a subset of metastatic UC. Current phase 3 trials with erdafitinib (THOR study) and rogaratinib (FORT-1 study) are ongoing to demonstrate whether FGFR inhibitors improve outcome over standard of care in FGFR3-altered metastatic UC. A better understanding of biology of UC harboring FGFR3 mutations or fusions as well as mechanisms of resistance to FGFR inhibitors will provide useful insights into how combining FGFR3 inhibitors in the future. Taken together, these data show that FGFR targeting may change the clinical practice in UC harboring FGFR3 aberrations.
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